An in situ transmission electron microscopy (TEM) observation was performed to observe the dynamic crystallization process in a Ni-P glass. It was found that the crystallization process of the Ni-P amorphous foil was composed of the formation (and growth) of precursory Ni3P crystalline clusters and crystal nucleation and growth. In the crystal growth process, the precursory Ni3P clusters sheared and deposited onto the crystalline front. Based on the observed results, a new crystallization micromechanism for amorphous alloys was proposed, namely that crystallization in amorphous alloys is composed of two processes: (1) the formation and growth of precursory ordered clusters in an amorphous matrix; and (2) crystal nucleation and growth which involve not only atom-jumping but also ordered clustershearing deposition (or a combination in nucleation).
Introduction
The kinetics, thermodynamics, and crystallography of the crystallization of amorphous alloys have been intensively investigated for many years because of the practical and theoretical interest in crystal nucleation and growth in high undercoolings. Up to now, however, the crystallization mechanism for amorphous alloys has followed the classical crystal nucleation and growth mechanism in melts where active atoms diffuse from amorphous phase to crystals. Although some experimental results can be qualitatively explained by this atomic diffusion mechanism, it is necessary to reconsider its validity for amorphous alloys since it actually fails in many aspects of the crystallization process in amorphous alloys, such as atomic diffusion [1, 2] , selfaccelerating crystallization phenomena [3] , crystal growth velocity expression [4, 5] , etc.
To obtain a deeper understanding of crystallization process in amorphous alloys, a direct observation of the process was carried out by use of an in situ transmission electron microscopy (TEM) technique. Based on these results a new mechanism for the crystallization process is proposed and discussed.
Experimental procedures
A Ni80P20 (at.%) amorphous alloy ribbon about 2.2 mm wide and 0.02 mm thick was prepared by the melt-spinning technique using the single roller equipment. Thin foils used for TEM observation were prepared by electro-polishing using an alcoholic solution of 10% perchloric acid at a temperature of -40 °C. The TEM used in this work was a JEOL-100CX scanning transmission electron microscope (STEM) with an accelerating voltage of 100 kV. An electron microscope specimen heating holder (EM-SHH) was used to heat the foils inside the TEM during observation. Temperature was measured by a Pt-Pt 13 at.% Rh thermocouple.
Results and discussion

In situ TEM observation
The glassy Ni-P foil was heated to 620 K and annealed at that temperature inside the TEM. With increasing annealing time, the contrast in the uniform transparent amorphous area ( Fig.  l(a) ) increased and very small clusters appeared ( Fig. l(b) ). The average size of these clusters was up to 5-10 nm when annealed for 15 min. Selected area electron diffraction (SAED) patterns corresponding to this area showed that the randomly distributed clusters were of crystalline Ni3P phase (body centered tetragonal, bct) with random orientations, as in Fig. l(e) . With increasing the annealing time further, the Ni3P crystalline clusters grew and diffraction rings of the bct phase became more distinct in the SAED patterns. As the annealing time reached about 18 min, a rapidly growing crystalline front (which was formed outside the observed area) came up and passed the clustered amorphous region which soon became a part of the crystal. After the crystalline front passed, interfaces were formed parallel to the crystal growth direction (see Fig.  l(c) ) and the SAED pattern of the area became a regular pattern with strong diffraction spots ( Fig.  l(f) ), while the small Ni3P clusters were still visible. Changes in the SAED patterns from diffraction rings to spots indicated that a highly ordered crystal (or crystals with a specific orientation relationship) was constructed. An X-ray diffraction spectrum of the Ni-P sample annealed at 620 K for 18 min indicates that the crystallization products at this stage were composed of a bct Ni3P compound and a nickel austenite (f.c.c. structure). Hence the SAED pattern in Fig. l(f) should be indexed by means of two sets of patterns: bct Ni3P and f.c.c. Ni. The pattern contains a [115] tetragonal section, but the orientation of nickel austenite is difficult to deter- mine because of overlapping and distortion of the pattern. Figure 2 shows a close dynamic observation of a growing crystalline front. In Fig. 2(a) a group of crystalline clusters (indicated by an arrow) was ahead of the crystalline front. The crystalline front moved downwards and touched the clusters (Fig. 2(b) ), and then passed them (Fig. 2(c) ). The contrasts and configuration of the clusters remained unchanged after the front passed. Dynamic TEM observation of the crystal growth process was recorded by a video camera as in Fig.  3 . The movement of the new crystal front was very slow at the initial stage (about 1.0 A s-t), and gradually increased. "Steps" (5-10 nm) of abrupt increases in the crystal size are clearly visible in the crystal growth process, which correspond to the transformations of the clusters. The "steps" increased in both frequency and attitude with annealing time until the crystal grew almost totally in the "steps" manner with an average velocity of 13.0 A s-1. The experimental phenomena described above could be explained as follows. During the crystal growth process the crystalline clusters change their orientations (called "sheafing") and deposit onto the growing crystalline front. Shearing of the clusters can be identified from the changes in the SAED patterns from diffraction rings (random orientations) to spots (specific orientations); depositing can be found from the dynamic observation. If the clusters were transformed into parts of the growing crystal in the form of single active atoms diffusing from the clusters to the crystalline front one by one, the configurature of the newly formed crystalline parts would be different from that of the original clusters.
Therefore we may conclude that the crystallization process of a two-dimensional amorphous Ni-P foil took place in two steps: (i) the formation and growth of precursory crystalfine clusters of bct Ni3P; and (ii) crystal nucleation and growth. In the crystal growth process, the precursory clusters of Ni3P sheared and deposited onto the crystalline front. This implies that two types of transformation occurred during the crystallization process: atom-jumping (or diffusion) and cluster-shearing deposition. As reported in ref. 5 , the crystal growth process can be satisfactorily interpreted by means of the cluster-shearing deposition processes.
Crystallization rnicromechanism
Normally, the crystallization process in ribbon samples (more than 0.01 mm thick) of amorphous alloys is three-dimensional (3-D) rather than two-dimensional (2-D) since the crystal size is much smaller than thickness of the ribbon. The crystallization process in three dimensions might be different from that in two dimensions, but the nature of crystallization should be the same. 507 According to evidence from the TEM observation of 2-D crystallization, we can propose a micromechanism for universal crystallization: the crystallization process in amorphous alloys is composed of (1) the formation and growth of precursory ordered clusters in an amorphous matrix; and (2) crystal nucleation and growth which involve not only atom-jumping but also ordered cluster-shearing deposition (or a combination in nucleation).
Growing crystals accompanied by ordered clusters in and in front of the growing crystals were clearly identified in a partially bulk crystallized Ni-P glass. As schematically shown in Fig.  4(b) , an amorphous region is left between two crystals. From the dark field images (Figs. 4(d-f) ) it is evident that the ordered clusters or even microcrystalline particles (bright spots) can be found in the crystals as well as in the amorphous region. The distribution of clusters with certain orientations in the amorphous region is random, while in the crystals the distribution of clusters is specific. It can reasonably be assumed that clusters in the crystals came directly from the shearing deposition of the clusters in the amorphous matrix. This evidence strongly supports the validity of the new mechanism for the bulk crystallization process in amorphous alloys.
Recently, Sutton et al. [6] reported that a transient structural precursor was observed during crystallization of an amorphous Ni-Zr alloy by use of time resolved X-ray diffraction with a time resolution as short as 3 ms. From experimental results they suggested that in the crystallization process the amorphous phase first transferred to a precursor that exhibits a poorly ordered crystalline structure, and then the precursor transferred to the ordered crystals. This model, to some extent, agrees with our new proposed mechanism.
